Added dietary sulfur and molybdenum has a greater influence on hepatic copper concentration, intake and performance in Holstein-Friesian dairy cows offered a grass silage than a corn silage based diet It has long been recognized that Cu is an important trace element for normal health and 79 performance in dairy cattle, principally due to its requirement in approximately 300 different 80 proteins with functions ranging from efficient iron metabolism, hair pigmentation, 81
antioxidants, release of hormones and synthesis of connective tissue (Suttle, 2010) . As a 82 consequence, Cu responsive disorders result in production and economic losses due to effects 83 on fertility, performance and health (NRC, 2005) . Clinical signs in dairy cows can be caused 84 by a dietary deficiency of Cu, but are often are related to interactions with dietary antagonists 85 such as S and Mo, Fe and Zn that inhibit Cu absorption and/or metabolism (Suttle, 2010) , 86 with S and Mo receiving the most research attention. It has been proposed that dietary 87 sulfates present in feed or water are reduced in the rumen to sulfides which then react with 88 molybdate to form thiomolybdates (Dick et al., 1975) . Gould and Kendall (2011) discussed 89 that thiomolybdates may be present in the rumen as di, tri or tetrathiomolybdates, with 90 trimolybdate predominant at a ruminal pH of 6.5, whereas tetrathiomolybdate is most 91 prevalent at lower pH values. Thiomolybdates form insoluble complexes with Cu rendering it 92 unabsorbable (Suttle, 1991) , resulting in Cu responsive disorders. At high Mo intakes (e.g. >8 93
mg Mo/kg DM) and very low Cu:Mo ratios (less than 1:1) thiomolybdates may also leave the 94 rumen and be absorbed (Suttle 2010) , subsequently binding to Cu containing enzymes such 95 as caeruloplasmin (Cp), impairing their function (Gould and Kendall, 2011) . 96
It is recognized that the degree of thiomolybdate formation in the rumen can also be 97 affected by the basal forage and method of preservation (Suttle 1974; Suttle 1983; Suttle 98 hays, the inhibitory effect of Mo on Cu absorption is less than that of S, whereas in fresh 100 grass Cu absorption is greatly affected by small additions of S and Mo, with semi-purified 101 diets being intermediate (Suttle, 1983) . There is a large body of literature comparing the 102 effect of grass silage with corn silage on dairy cow intake and performance (e.g. Hart et al., 103 2015; Phipps et al., 1995) , and in general, replacing grass silage with corn silage results in an 104 increase in DM intake, milk yield and milk protein content. There is however, little 105 information on the relative effects of either of these forages on Cu metabolism in Holstein-106
Friesian dairy cows, despite their importance in contemporary dairy cow rations. A lack of 107 understanding of the influence of S and Mo on Cu metabolism in dairy cows fed different 108 forages may be contributing to the unnecessary over-supplementation of Cu. Indeed, recent 109 surveys of commercial trace-element feeding rates in the USA and UK (e.g. Castillo Based on the mineral analysis of the forages (Table 1) with additional S and Mo). Additional Cu was supplied as CuSO4.5H2O, sulfur as ammonium 145 sulfate (TG Tennants, West Bromwich, UK) and molybdenum as sodium molybdate (Acros 146
Organics, Geel, Belgium). Feed grade urea was added to G-and C-to provide an equivalent 147 amount of rumen degradable N as supplied by the ammonium sulphate. The diets were 148 supplemented with other feed ingredients to support a milk production of approximately 38 149 kg/d according to Thomas (2004 ; Table 2 ). All dietary ingredients were mixed and fed as a 150 TMR using a forage mixer calibrated to ± 1 kg, and fed through Insentec roughage intake 151 feeders fitted with an automatic animal identification and forage weighing system calibrated 152 to ± 0.1 kg (Sinclair et al., 2005) . Fresh feed was offered daily at 1.05 of ad libitum intake 153 with refusals collected twice weekly on a Tuesday and Friday. The cows were housed in the 154 same portion of a free stall building containing Super Comfort free stalls fitted with foam 155 mattresses. The passageways were scraped using automatic scrapers and the stalls bedded 156 twice weekly with sawdust. All cows had continual access to fresh bore-hole water which 157 using Genstat version 17.1 (VSN Int. Ltd., Oxford, UK) and is presented as means with 213 standard error of the mean (SEM); P < 0.05 was used as the significant threshold and a trend 214 was considered when P < 0.1. 215
216

RESULTS
217
Diet Analysis, Intake and Animal Performance. Compared to the corn silage, the 218 grass silage contained 85 g/kg less DM, and was 82 g/kg DM higher in CP and 0.4 MJ/kg 219 DM higher in ME (Table 1 ). The two forages had a similar fiber content, but the grass silage 220 was 43.2 g/kg DM higher in lactic acid than the corn silage. Compared to the corn silage, the 221 mean content of Ca, P, Mg and S was 5.0, 1.0, 0.2 and 2.2 g/kg DM higher respectively, and 222
Cu, Mo, Fe and Zn 3.3, 0.84, 94 and 14.2 mg/kg DM higher respectively in the grass silage. 223
The DM content of the corn based diets (C-and C+) was 47 g/kg higher than the grass 224 silage based diets (G-and G+), whereas CP was on average 11 g/kg DM higher in the grass 225 than the corn silage based diets ( Table 2 ). The content of NDF was higher in the corn than the 226 grass silage based diets, but ADF concentration was similar across all four diets, averaging 227 225 g/kg DM. All four diets had a similar P and Mg concentration, but the grass silage based 228 diets (G-and G+) contained approximately 2 g/kg DM more Ca. The mean concentration of 229
Cu was 20 mg/kg DM, and the two diets with added antagonists (C+ and G+) had 230 concentrations of S and Mo of 3.3 g/kg DM and 7.8 mg/kg DM respectively, which were 231 close (P > 0.05) to the predicted values of 3.5 g/kg DM and 7.5 mg/kg DM respectively. In 232 contrast, the two diets with no added S and Mo (Corn-and Grass-) had low concentrations of 233 S and Mo at 1.3 g/kg DM and 1.3 mg/kg DM respectively that were also close (P > 0.05) to 234
predicted. 235
Cows offered the corn silage based diets had a daily DM intake that was 2.2 kg/d 236 higher (P < 0.001) than those offered the grass silage based diets (Table 3) , an effect that was 237 evident from wk 1 of the study (Fig 1) . There was an interaction (P < 0.05) between forage 238 source and Cu antagonists; adding S and Mo reduced DM intake by 2.1 kg/d in cows fed the 239 grass silage but not the corn silage based diet. We also found an interaction between forage 240 source and antagonist on Cu intake, which was lowest (P < 0.05) in cows fed G+ compared to 241 the other 3 treatments. There was an interaction (P < 0.05) between forage source and Cu 242 antagonists on milk yield, with yield decreasing with the addition of S and Mo in cows fed 243 the grass silage based diet, but increasing in those offered the corn silage based diet. In 244 contrast, there was no effect (P > 0.05) of dietary treatment on milk fat, protein or lactose 245 content or daily fat yield, but we found that daily milk protein yield was 0.05 kg/d higher (P 246 < 0.05) in cows fed the corn silage based diet. We found no effect (P > 0.05) of dietary 247 treatment on live weight or daily live weight change, but there was an effect of antagonist on 248 BCS and BCS change (P < 0.05), with cows fed added S and Mo (C+ and G+) having a lower 249 score and gained less BCS over the study period than those not supplemented with S and Mo 250 (C-and G-; Fig 2) . There was an interaction (P < 0.05) between forage source and Cu 251 antagonists on milk SCC count, with the addition of S and Mo increasing SCC in cows fed 252 the grass but not the corn silage based diet. 253
Plasma Mineral Profile, Cu Mediated Enzymes and Metabolites. We found no effect 254 (P > 0.05) of dietary treatment on plasma Cu concentration, with a mean value of 13.7 255 µmol/L (Table 4) . There was an effect of time on plasma Cu, with the concentration 256 increasing in the first wk of the study, and then fluctuating in subsequent wks (Fig 3) . We 257 also found an effect (P < 0.001) of dietary treatment on mean plasma Mo concentrations, 258 which were higher in cows fed added S and Mo, but there was no effect (P > 0.05) of basal 259
forage. There was no effect (P > 0.05) of dietary treatment on plasma Fe or Mn 260 concentrations. Serum Cp concentrations were higher (P < 0.01) in cows fed the grass silage 261 based diets or with added S and Mo (P < 0.05). In contrast, we found no effect of dietary 262 treatment on blood Cp:Cu ratio, although there was a trend (P < 0.1) for a lower ratio in cows 263 fed the corn silage based diets, or in animals receiving added S and Mo. There was no effect 264 (Table 5) . We 268 did find an effect of forage source on final Cu concentration, which was higher (P < 0.05) in 269 cows fed the corn compared to the grass silage based diets. There was also an effect of Cu 270 antagonists on final hepatic Cu concentration, which was 142 mg/kg DM lower (P < 0.01) in 271 cows fed added S and Mo. There was a trend (P < 0.1) for an interaction between forage 272 source and Cu antagonists on the rate of change in hepatic Cu concentration, with a decrease 273 of 61 mg/kg DM over the 14 wk study period in cows fed added S and Mo in combination 274 with grass silage (G+), but an increase of 11 mg/kg DM in cows offered the corn silage 275 based diet (C+). 276
We found no difference between treatments in initial hepatic Mo concentration (P > 277 0.05), whereas final Mo concentration was higher (P < 0.05) in cows fed added S and Mo 278 (C+ and G+). Initial hepatic Fe concentration did not differ between treatments (P > 0.05), 279 whereas final concentration was lower (P < 0.01) in cows fed added S and Mo, and there was 280 a trend (P < 0.1) for final hepatic Fe concentration to be higher in cows offered the corn 281 , we found that DM intake was increased at 313 the higher corn inclusion rate, although it is accepted that the change in forage composition 314 from the pre-study diet was greater for cows on G than C diets. However, we also found an 315 interaction between forage inclusion level and Cu antagonists on intake, with added S and 316
Mo having little effect in cows fed the corn silage based diet, but reduced intake by 2. We found that the addition of S and Mo had no effect on DM intake or milk yield in 445 cows fed a corn silage based ration, but were reduced and milk SCC increased when a grass 446 Figure 1 . Weekly DM intake in early lactation dairy cows fed diets high in corn silage and fed without (■) or with (□) added S and Mo, or diets high in grass silage fed without (▲) or with () added S and Mo. Pooled SEM = 0.72. Forage, P < 0.001; Forage x Ant, P = 0.012; Time, P < 0.001; Forage x time, P =0.003. 
